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Effort during this reporting period, January 1 - 31, 1964, includes
dividing the sombined program uwp into four min programs, continuing cheokw
out of the various routines, and finalising the bomdsry layer routines.
Combdned Program
A® memtdoned in the Seventh Menthly Progress Report, difficulties were
momhmtnthcmrhya}’ebemofrmn. Fortran IV can handle |
spproximately 200 subroutines, and the prcmt progran contains approximately

mmﬁmo ‘It bas thus been established that the present program is to0o

| md for one c«mhhprognn. Consequently, the eonhd.nadmmia prum‘bly

beiug dh'idod inta fenr main programs where these progreams may be loaded an eu- ‘
lto.pe and ™mun cmtively. The four womns are as followse _ )
1. Exml‘nov This program comtea the complete viaoma-im'iaoid

flun fleld up to the cowl ahock wave,

2+ Blant Cowl-Lip - This program computes the flow field around the

\§\ ,bhmtod cowl~lip using the Ames blunt body program and the boundary
Q) | l.ayar routine. |
“\p N wma. Flow with No Shock Intersections - This program computes
\w‘ m n« £1¢14 downstrean of the oowl-lip shock to any shook inter-
z | eeatioua. |
S § 5! L. Internal Flow with Shock Intersections - This program computes the .
§ ;‘: 5 flow field downstream of the first shock intersection 4o the end of

the inlete.
Most of the effort during thls reporting period has been devoted to breaking

the original program up into these four programs.
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Ames Test Case
The test case supplied Ly Ames has been delayed due to the fact that
the routine that computes the intersection of the cowl lip shock and bow

shock waves has not been completely integrated with the overall program.
The above is also true of the vortex sheet routine and the routine for the
computation of the flow field, both of which vesult from the intersection of
shocks of opposite family. These routines are currently being mteg_rat.ed
with the program. The routine for the intersection of shock waves of the
opposite family is discussed in the fallowing sectlon following which is a
discussion of the stagnation point boundary layer routine.

It 13 to be noted that difficulties with the Fortran IV System have
oaused a oonsidereble delay In this program. We are currently reviewing the
statas of the complete program to determine whether the scheduled contract
campletion date will be met. i
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Intersection of Shock Waves of Opposite Family

The solution for the interssction of shocks of the opposite family is '
relatively straightforward when the fluid invalved is a perfect gas. The
shock polar lequatior'xs are solved in conjunction with the boundary conditions
of the vortexz sheet. The existence of more than one solution creates the only
difficulty involved as the computer must select the solution where both reflected
oblique shocks are of the weak variety. Experiment indicates that this is the only
stable situation which will exist physically. - It is also posaible to have "Mach
reflection" in which ocase no analytic solutions will exist. The traatmenﬁ of shock
intersections for & real gas is somewhat more involved, however, and an outline
of the solution is  given below. The numbering of z"egiona'ia as shown in the
1llustration for the general case where the conditions upstream of the intersection
are not free sirean,

LOCKHEED CALIFORNIA



4=

1. Regions 1 and 2 are oompletely computed. The down shock ieg

calculated and as each shock point is determined, it is tested far
intersection with the shock separating regions 1 and 2. Once the

| intersection point is established, the region 3 properties are com=
puted up to and including the first family characteristic passing
through the downshock point immediately downstream of the intersection.
This data is then storeds The value of 9, the shock angle is determined
at the inbersection point by linear interpolation.

2. P, 5, and 81, (stream angle) are found at the intersection point from
the region 1 curve fit. The fluid properties in regions 2 and 3 are
computed from the shock point routine, with © known in this case.

3.

E mbmnhrycondiﬁmmtmvmaxshaetmﬂxatm=%md5h= ge
4 As a tirst guses far § , assume that the turning strength of each shock 1is
E the same after reflection as befare intersection.

3

) )
Sh _gs - 52*' (53 -5))
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L. For a first guess as to the shock angle of the shock separating
regions 3 and 5, use 0.95 times the perfect gas @ calculated from

the following eguations

6 2 -
sin Oy = MBH; 2, X3 sin’ @5(1) - 63) vsinhOS
+{zu32 [ 3+1) 3-1)} (1) 5 }am- Z -
)
2 (1) ‘
(55 453) : o
N
Y

05 in this equation is relative to 63. Use the intermediate value

of the 3 solntions for o.

Se The equations for conservation of mass, momentum and energy are applied
at the shock wave to obtain 2 different wvaluea of hS' When the two
agree, the correct value of 05 has been determined..

6. If the firat guess is not correct, use a Newton~-Raphson iteration

() -

proeedm'e to converge on proper value of ©. Use 05 - 1;0105(1) »

then conpute 8 better estimate fraom equation:
2 2
b ,5(3) 20 ® (g’ =) P (05120, )
S AL | | (g _hs)&zl_ (hS _hs)ﬂJ
teeut osm = 0,%) . d9 (hg' <hg)
, d(hg' - hg)
il | ' @ontinue above procedure until a value of @5 is found for uh:lch

by = by

Obtain the remaining fluid properties in region 5 from Regas progranm,

< hS x convergence factor

entering with Fg and ()5.
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Repeat steps L through 6 to find 0]_‘ and the properties in region L.
So far, values of 05 and Oh have been determined such that the
boundary condition € = 6; is satisfied. However, a value af§) ¢
mist now be found for which Ph = P5. Compare the final values of Ph
and Pge Designate the difference between these two quantities by
(P5 - Ph)(l), since they are based on the first estimete of Jh‘ The
second estimate far 6 L will be one of the following:
3
6@, §@ gs(l) . m'&sm> °
Lye PS(J-) Ph(1.)

Sh(2)~= 55(2) . .01 85(1) for‘g(l)<0° J

8(1) }
for'g >0

2 1
Sh(). 85(2) . Lo gs( )

L'u ?5(1) Ph(l)

2
Su( ) gsm 0,99 8 B gor, Phgo
P
Repeat steps L through 7, finally obtaining @, and 05 which will
2
produce flow direction 5 h( ) = 65(2). Once again compue pressures

2
Py and Ps. Note the difference and designate by (P5 - Plt)( ).

" Compute a bebter valus of ) L 55 from equations

L5 [(’5 _ %)(2) _ “’5 _ ’B)WT

Repeat -steps 4 through 7 rm-.S h“') « Gompute improved value of 6 L,5°

Contimue this procedure witil a value of O ) . is found far which

‘Pg - P}J < Ps x cmvar'ganoe factor.
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12, At no time in the iterative procedure shall a value of Pg or Pls be

18,

LE

used which exceeds the pressure computed below:

) 2 + + + h+ 2+ '
(PS) =z “,(_ﬁ «2) (D’3 1) +J(r3 1) [(6’3 1)r43 8(3’3.1)}13 16]
TB Z(D’3 +1)

Pu) e W2 2) (Fpr 1) +{(Tp) [(Fprimy” 4805, -m? + 26 ]
2(%,+ 1)

/
The above expressions are for the rressure at the detachment value of 5 o
If the static pressure 1s below the detachment pressure, then the weak
shock solution is assured.

» Once the final values of @, and é g have been determined, the properties '

of the air in regions l} and 5 are obtained from the R-gas program.

The scheme for computing the flowfield downstream of the intersection
will now be described Wriefly. Asswume a point "B" on the vortex sheet
to have the same properties as at the intersection. There will be two
sets of properties at this point; one set corresponding to the flowfieli
above the vartex sheet and one sst below. Lst X of this point be 1.0001 X
of the intersection point. Find y from equations

4

(yB’ yA) s (IB - x‘.) tan 6h’5

Compute © and the fluid properties at point C using down shock routine.
Assume SD s 53 and locate point D as the intersection of the vortex
sheet and the first family characteristic through point C.
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The properties at point D below the vortex sheet are found from the i
characteristics equation and the known entropy which remains constant \
along the lower surface of the vortex shest. :
Once the properties at the lower surface at D are known, the upper portion

my also be computed. The pressure is the same on either side of the vortex
sheet and the entropy will be equal to S5 at all pointe along the upper surface.
The shock point E may now be computed from the up shock routine.

The genaral procedure for the rest of the flowfield is to compute along first
family rays, beginning with the downshock, computing across the vortex sheet

and finishing at the up shock. A test is incorporated to determine when the
vortex sheet is being approached and the computer transfers to the vortex sheet
routine at this time. The vortex routine utilizes an iterative procedure whereby

the boundary conditiona of the vortex sheet are satisfied along with the charace

|
maristics equations. The procedure is continued until either shock is reflected |

from the centerbody or cowl at which time the procedure is modified as required.
. LAY
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The boundary layer solution in the stagnation regicn of a blunt body
was disousesed in the Pifth Monthly Progress Report. At the stagnation
point, however, speclal care must be taken in some of the parameters, This
is due to the coordinate x, the local velocity U,, and the transformation
variable § are all equal to zero at the stagnation point. At the stagnation

point the velocity gredient is defined, Reference 1,

(1)

and by definition

> pla

(2)

U]

&}H 2 S
RlE de

. But
s

[ (ow/‘wu Y g

Differentiating equation (3) with respect to x and substituting in equation (2)

(3) ' g =

gives

(4) A o= 2% d“d; Aty 23
U °w Ugr

Then the parameter \‘-2_;’ may be found from equation (4) giving
21 | %
(5) - {2 j

2
ﬂpw Ug 7 and
L EEE/‘W B
- = It
(6) Curdv, Cuw A -329

2§ RN & i

H
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The stagnation point velocity gradient _;__:g 1s found from Newtonian .

SRR e R

flow, Reference 2,

(7) % = _1 [2(1=e -7 /Pe]%

Rp

Equation (6) becomes : | : 3 %
(8) k. at [ 2T e ]
c ks -

Equation (8) may be substituted in the heat flux and displacement

thickness terms to determine the parameters at the stagnation point. For
frozen flow the heat transfer parame'ber, given in equation 17 of the Fifth

Monthly Progress Report, becomes

ST R

(9) N! = (778.2/3600) 9y

R K {Pm, [ate, - P )/ﬁj}

where the heat flux

¥
(10) q, He Oy A [2( = Poo) ] }
- X oc
frozen
b o
. . HO ‘t “ .
The pressure gradient parameter ﬂ is obtained f“ran the followlng table

,B 3 Flow

1 o Stagnetion Point -
Two-Dimensional

¥l 1 Stegnation Point

Ayisymmetric

MYRER Iy O T
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The displacement thickness is written

(11) 8" =\2 §A 0 -t
o P AR O
and at 'the stagnation point | _';It
(12) 5 el tE [2(Pe - Poo)] ( e - 5) ap,
| Pe e e
Similarly, the momentum thickness 6 becomes
. Y »zt

(13) 8 = Pw/‘wﬁ RB, [2(}’9 - Pm) ] [ (1- f)] )f‘vld? ’

Pe ‘ Ce 3 »

For equilibrium flow the heat transfer paramester, equation (9) is identical,

but the heat flux q, becomes

% .
$
(14) q‘i’ = 3600 Hg {e.! Au [2(Pe -Pw)] } {?q (0)}
. Qquj-ln 778,2 Pl‘ 6 RB Fe

. » .
The remaining parameters, & and @, are identical for both frozen and

equilibrium flow,.
The turbulent boundary layer progrem is presently being finalized, and the
details of the ﬁmgram will be given in the near future.
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NOMENCIATURE

- specific heat

- bimolecular diffusion coefficient
-  velocity ratio, u/u,

enthalpy of formetion of species
- static enthalpy

- reference enthalpy

- total enthalpy

- exponent of body radius r

- thermal conductivity

- Lewis munber

ES‘W“Z‘@F D‘PF‘OWSU.UO
]

- Nusselt mumnber

Py = total pressure
P - static pressure
Pr -  Prandtl mmber /4C°p

k

R - Reynolde number

b g - radius of body at revolution

T - absolute temperature
u,v, - velocity components in x and y direction respectively
- distance along body surface
- distance normal to body surface
-  mass fraction ratio = /&<
- mess fraction of atoms
pressure gradient parameter

~  total enthalpy ratio, H/He

NPT RN WM
!

- viscosity coefficient
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f,’z -  similarity variables

hy = 7 @ the edge of the boundary layer
- mass density

shear stress

- density viscosity product ratio, £ /L/Pw /(;’

© o 3 -0
]

- angle between tangent of body and centerline

Subscripts
E - eveluated at reference enthalpy H, and hlocal pressure
e - local wvalue external to boundary layer
\ - evaluated at wall

x,y,;z, § - derivative with respect to x, y, 7 ’ C; .
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